The microstructures and mechanical properties of fullerene powder dispersed AZ91 magnesium alloy composites were examined. The AZ91 with 0, 1 and 5 mass% fullerene additions were produced by extruding a mixture of AZ91 machined chips and fullerene powder. The matrix grains of the extruded materials were equiaxed, and the size was $ 5 mm irrespective of the fullerene content. The agglomerated fullerene powder was aligned parallel to the extrusion direction in the composites. The addition of 1 mass% fullerene had little effect on the elastic moduli, tensile strength and ductility, whereas the addition of 5 mass% fullerene slightly decreased them. A comparison between the tensile properties of the present composites and those of AZ91 alloys processed by various methods was also made. The damping capacity increased steeply by the fullerene addition. The effectiveness of the fullerene addition for the enhancement of the damping capacity of metallic alloys was verified. A good combination of damping capacity, elastic moduli, strength and ductility was attained in the present composites.
Introduction
Recently, there has been a significant increase in the use of magnesium as a structural material because of the lightness of magnesium alloys. In addition, pure magnesium and some magnesium alloys are well known as damping materials. [1] [2] [3] Therefore, magnesium alloys are very attractive in applications for the automotive, railway and aerospace industries. AZ91 alloy is the most widely used cast magnesium alloy. This is because this alloy shows a good combination of high strength at room temperature, good castability and excellent corrosion resistance. However, the damping capacity of typical Mg-Al system alloys-for example, AZ91 and AZ31-is not that high compared with that of pure magnesium. 4) Light-weight magnesium-based materials with a high damping capacity need to be developed in order to control vibration and noise in vehicles and instruments. The metal-matrix-composite technology provides an approach to combining a high damping reinforcement into a low damping matrix to produce a high damping material. For example, graphite, carbon fiber, carbon powder and Al 2 O 3 fiber have been examined as reinforcements for the purpose of enhancing the resultant damping of magnesium-based composites. [5] [6] [7] [8] [9] However, the effect of the reinforcement addition is either small when the volume fraction, V f , is moderate (V f ¼ 10{25%) [7] [8] [9] or high only when the volume fraction is extremely high (V f $ 40%). 6) Since the discovery of fullerenes and carbon nanotubes (CNTs), a great deal of attention has been given to their characterization and potential applications. To date, diverse new materials comprising superconductors, fuel cell, and catalysts have been developed for these carbon materials. In structural materials, due to a nano-sized dispersion of fullerenes and CNTs, metallic alloys reinforced with these carbon materials are expected to offer attractive properties such as higher strength and damping capacity. 10) Though an increase in strength has been observed in fullerene-or CNTdispersed aluminum-matrix-composites, [11] [12] [13] [14] [15] [16] their performance has not often been as good as had been expected. Moreover, the addition of these carbon materials generally drastically decreases the ductility of the composites. However, although the effectiveness of fullerene addition to the damping behavior of metallic alloys has not been verified, it is highly expected that a fullerene-dispersed magnesiummatrix-composite possesses high damping capacity.
In our preliminary experiments, it was difficult to disperse fullerene powder in the liquid magnesium despite stirring; the fullerene powder was separated from the liquid. Therefore, in the present study, AZ91 magnesium alloy with 0, 1 and 5 mass% fullerene additions were processed by the powder metallurgy route. Microstructures and mechanical properties, including the elastic moduli, strength, elongation and damping capacity of the processed materials were examined.
Experimental

Materials
The material used in the present study was a commercial AZ91 magnesium alloy. The powder metallurgy route was used to produce magnesium alloy composites with 1 and 5 mass% fullerene additions (hereafter, denoted as AZ91/ C 60 -1% and AZ91/C 60 -5%, respectively). The procedure used to prepare the composite is schematically shown in Fig. 1 . Fullerene powder (Nanom Mix MF-S), a mixture of 60% C 60 , 25% C 70 and a balance of higher order fullerenes, was obtained from Frontier Carbon Corp., Japan. The fullerene powder is thermally stable below $ 573 K in air. The AZ91 powder was prepared by machining an ingot in a lathe in air. Before machining, the ingot was solution-treated at 686 K for 48 h. The machined chips were mixed with fullerene-dissolved toluene. The ratio of fullerene to toluene was 2.9 g/L, which is the solubility of C 60 in a toluene at room temperature. 17) This process was intended to disperse the fullerene powder onto the machined chips as uniformly as possible. The drying of the mixture was completed by the volatilization of toluene. The mixtures were tap-packed into a capsule made of AZ31 magnesium alloy having an outer diameter of 40 mm in air. The mixed powder was pressed at a temperature of 473 K under an applied pressure of $ 3 MPa in air for the densification. The billets were then extruded at 573 K with a reduction ratio of 16. For reference, AZ91 alloy without fullerene addition (hereafter, denoted as AZ91/C 60 -0%) was also produced by a similar method.
Microstructural observations
Optical microstructures were observed by a color laser 3D profile microscope using a light screen mode. Scanning electron microscopes (SEMs) were used in the secondary electron (SE) mode and the backscattered electron (BE) mode. Wavelength-dispersive spectroscopy (WDS) was also used in the SEM to chemically analyze the microstructural elements.
The phase identification was performed by X-ray diffractometry (XRD) for fullerene powder, machined chips and extruded AZ91/C 60 -1%. The XRD scans were made using Cu K X-rays by a parallel beam method.
Mechanical testing
The tensile specimens machined from the extruded bars had tensile axes parallel to the extrusion direction. The specimens had a parallel length of 20 mm and a diameter of 4 mm. Tensile tests were carried out at room temperature and at an initial strain rate of 5 Â 10 À4 s À1 . The strain up to 9% was measured by an extensometer with a gauge length of 12.5 mm. The yield strength (YS) (0.2% proof strength), ultimate tensile strength (UTS) and elongation-to-failure (e f ) were calculated.
The elastic properties were measured by employing the method of resonant vibration; 18) Young's modulus and the shear modulus were determined from the resonant frequency in the flexural and torsional modes of vibration, respectively, by the following equations:
where 18) and K is a constant approximated as 19) K ¼ 4ðh=wÞ À 2:52ðh=wÞ 2 þ 0:21ðh=wÞ
The specimens for the measurement of the elastic moduli had a rectangular shape with a length of 60 mm, width of 7.5 mm and thickness of 1.8 mm. The specimens were prepared by machining. The longitudinal direction was parallel to the extrusion direction. The specimens for measuring the damping properties had a diameter of 6 mm with a flat portion of the length 62 mm and a width of 3.6 mm, as shown in Fig. 2 . The longitudinal direction was parallel to the extrusion direction. As schematically shown in Fig. 2(b) , the end of the test piece was clamped while the other end was free. The maximum surface strain, ", was measured by a strain gauge. The damping constant was specified by the loss factor, , of free vibration, which is related to the logarithmic decrement, Ã, and calculated by
where A i and A iþn are the strain amplitudes of the ith cycle and (i þ n)th cycle at times t 1 and t 2 , respectively, separated by n periods of oscillation. The n-value was 20 for the present study, as will be shown in Fig. 10 .
Results
Microstructures
Scanning electron micrographs of machined chips mixed with 1 mass% fullerene are shown in Fig. 3 . The appearance of the machined chips is shown in Fig. 3 parts of the chip surfaces were exposed even in the densely dispersed area, as indicated by the arrows in Fig. 3(b) . It is supposed that the machined chips physically adsorbs the fullerene powder.
The BE images of extruded materials for (a) AZ91/C 60 -0%, (b) AZ91/C 60 -1% and (c) AZ91/C 60 -5% are shown in Fig. 4 . The extrusion directions are horizontal. There were no voids or cracks for all materials. The material contrast was assumed to basically arise between magnesium matrix (bright) and fullerene (dark). The scanning electron micrographs of extruded AZ91/C 60 -1% for (a) SE image and (b) the dot map of carbon in (a) by WDS are shown in Fig. 5 . Again, the light-colored portions on the dot map indicate the presence of carbon. Though the dark portions in Fig. 4(a) (e.g., the portion indicated by the arrow) probably correspond to the oxygen resulting from the oxidation of the chip surface, it is confirmed from Fig. 5 that the dark portions in Figs. 4(b) and (c) definitely correspond to the presence of carbon. It is obvious from Fig. 4 that the fullerene phase in the extruded materials assumed a preferred orientation; the agglomerated fullerene powder was aligned parallel to the extrusion direction. This form of dispersion may result from the inability of fullerene agglomerates to infiltrate into the machined chips during solid state processing. It is expected that the use of smaller magnesium powder will lead to more homogeneous fullerene dispersion.
XRD profiles of (a) fullerene powder, (b) machined chips and (c) as-extruded AZ91/C 60 -1% are shown in Fig. 6 . For fullerene powder, the peaks were identified with C 60 molecules. In machined chips, the peaks were identified with those from solid solution magnesium. After extrusion, the peaks were identified with magnesium and Mg 17 Al 12 . The latter phase probably precipitated dynamically during extrusion as well as cast-extruded AZ91. 21) Specific peaks for C 60 molecules were not observed in the extruded AZ91/C 60 -1%. This is probably because not enough phase is present to produce diffraction peaks in the composite.
The optical microstructures of extruded materials are shown in Fig. 7 for (a) AZ91/C 60 -0%, (b) AZ91/C 60 -1% and (c) AZ91/C 60 -5%. All materials had similar grain sizes of 5 mm, irrespective of fullerene content. Significant grain refinement was observed after extrusion when compared with AZ91 alloy after solid solution treatment, whose grain size is 70-300 mm.
22) The grain refinement is probably attributed to the dynamic recrystallization during hot extrusion. Spherical particles with a diameter of approximately 0.3 mm were observed mainly in the grain boundaries for all materials. This phase is assumed to be Mg 17 Al 12 from the XRD profile of the AZ91/C 60 -1% (Fig. 7(c) ). The observed microstruc- tures suggest that the small addition of fullerene does not affect the resulting microstructure of the matrix.
Elastic properties
Young's modulus and shear modulus for the present materials and some magnesium-based materials 20, [23] [24] [25] are summarized in Table 1 . The AZ91/C 60 -0% had similar elastic properties with cast AZ91. 20) A small amount of fullerene addition (1 mass% fullerene) did not change the elastic moduli, but further addition (5 mass% fullerene) slightly decreased them. This is in contrast to the conventional magnesium-based composites. Though the small amount of SiC particles did not increase the Young's modulus in the AZ91/SiC composite, 23) a remarkable increase has generally been attained in magnesium alloys reinforced with a large amount of ceramic particles or fiber (V f ! 20%), 24, 25) as listed in Table 1 . The origin of the slight decrease in elastic moduli for the present composites is assumed to be resulting from low elastic moduli of the fullerene phase in the present composites. Though the bulk modulus of a single C 60 molecule is predicted to reach the value of 717 GPa, 26) this superior stiffness of individual fullerenes is not reflected in the elastic properties of molecular crystals formed of fullerenes. [27] [28] [29] [30] [31] Fig. 8 The relationship between strength ((a) yield strength and (b) ultimate tensile strength) and elongation-to-failure at room temperature for the present materials, AZ91 alloys processed by various techniques
Tensile properties
Yield strength, ultimate tensile strength, elongation-tofailure for the present materials (indicated by the arrows), AZ91 alloys processed by various processing routes and magnesium-based composites reported in the literature 20, [23] [24] [25] [32] [33] [34] [35] [36] [37] [38] [39] [40] are summarized in Fig. 8 in the relationship between strength and elongation-to-failure. All materials processed in the present study exhibited a similar yield strength of $ 240 MPa, which is much higher than the cast AZ91. It is clear that the higher strength obtained in the present materials results from the small grain sizes of $ 5 mm. As seen in Fig. 8(a) , the chip-extruded materials tend to exhibit higher yield strength than cast-extruded materials (solid curve versus gray curve). This trend has also been observed in AZ31.
41) The origin of higher strength is assumed to be attributed to the dispersion of oxide, as has been pointed out by Chino et al.
41)
The ultimate tensile strength gradually decreased with increasing fullerene content: the tensile strength of AZ91/ C 60 -1% and AZ91/C 60 -5% was smaller by 8 and 21 MPa, respectively, compared with AZ91/C 60 -0%.
Moderate elongation values of 11% were obtained in AZ91/C 60 -0% and AZ91/C 60 -1%. The elongation of AZ91/ C 60 -5% was slightly smaller (e f ¼ 8%). However, the ductility in the present composites is much higher than other composites, except doubly-extruded ZK60/SiC (e f ¼ 10:5%). 40) This may result from the low volume fraction of fullerene.
The tensile properties of AZ91/C 60 -1% agreed well with the relation for chip-extruded AZ91 alloys (solid curve in Fig. 8) . However, the properties for AZ91/C 60 -5% deviated from the relation because of the lower elongation value.
The fracture surfaces of AZ91/C 60 -0% and AZ91/C 60 -1% are shown in Fig. 9 . They were similar for both materials. The fracture surface of AZ91/C 60 -5% was also similar to those of AZ91/C 60 -0% and AZ91/C 60 -1%. The similarity of the fracture surfaces also indicates that the addition of fullerene had little effect on the tensile behavior of the present materials. Cracks were observed in the micrographs with a low magnification (Figs. 9(a) and (c) ) for both materials. It appears that both materials fractured at the interfaces of the original machined chips. The fracture surfaces at a distance from the cracks with a high magnification (Figs. 9(b) and (d) ) consisted of ductile dimples for both materials, as has been observed in chip-extruded AZ31.
42) The existence of a ductile dimple confirms relatively large elongations of 11% in the AZ91/C 60 -0% and AZ91/C 60 -1%.
Damping properties
The variation in strain amplitude with time during free vibration is shown in Fig. 10 for (a) AZ91/C 60 -0%, (b) AZ91/C 60 -1% and (c) AZ91/C 60 -5%. The vibration frequencies were calculated to be 957, 948 and 926 Hz for AZ91/C 60 -0%, AZ91/C 60 -1% and AZ91/C 60 -5%, respectively. The decrease in frequency, especially in AZ91/C 60 - 5%, reflects the decrease in modulus, as has been demonstrated in 3.2. The loss factor was calculated at " $ 10 À4 , as indicated in the figure. A steep increase in the loss factor in the composites is evident from Fig. 10 . The variation in loss factor as a function of the fullerene content is shown in Fig. 11 . The AZ91/C 60 -1% increased the damping by $ 2:5 times compared with AZ91/C 60 -0%. A small amount of fullerene addition effectively increased the loss factor. Further addition (5 mass% fullerene) had little effect on damping. The effectiveness of the fullerene addition to damping should be related to the unique structure and/or the physical properties of fullerene compared with other carbon materials. The mechanisms responsible for the improved damping of AZ91/C 60 -1% and AZ91/C 60 -5% over AZ91/ C 60 -0% are discussed in the next section.
Discussion
The observed loss factor is generally described by a linear superposition of contributions from two or more mechanisms. 43) Among the damping mechanisms, the microstructural and thermoelastic effects are thought to be the two primary contributors to damping behavior. 44) Though thermoelastic damping is the most important in metals, in which it may comprise most of the damping capacity, 45) the contribution is frequency dependent. 46) Since the resonant frequencies used in the present study ( f $ 950 Hz) were much higher than the frequencies where the maximum damping capacity arising from thermoelastic damping would be obtained (e.g., f $ 30 Hz in AZ31 magnesium alloy 47) ), the contribution from thermoelastic damping was assumed to be low.
A microstructural effect is associated with the crystal defects. The defects include point defect, dislocations, grain boundaries and microcracks. It is recognized that pure magnesium and some magnesium alloys have a high damping capacity. [1] [2] [3] The origin is believed to be attributed to the dislocation damping. However, the contribution from dislocation damping increases at " > 5 Â 10 À4 in AZ91 alloy, 48) which is higher than the condition for the present materials (" $ 10 À4 ). Metal-matrix-composites may offer better damping properties than unreinforced alloys owing to the high intrinsic damping capacity of the reinforcements. It is expected that fullerene has high intrinsic damping because of its hollow structure. 11) One simple approach that may be utilized to rationalize the observed results that the damping capacity increased with the increasing volume fraction of fullerene is to apply the rule of mixtures. 49) Accordingly, the overall damping capacity would be proportional to the individual damping capacities of the matrix and reinforcement multiplied by their respective volume fractions. The relation in Fig. 11 is not depicted as a function of the volume fraction of fullerene. The density of C 60 is calculated to be 1.678, 50) whereas that of AZ91 is 1.81. 20) Therefore, the addition of fullerene powder has little effect on the density of the AZ91/ C 60 system. Even if the difference in density is taken into consideration, the linear relation is not obtained for the present composites. The observed non-linear relation indicates that other mechanisms strongly contribute to the overall damping.
Interfacial damping is another possible mechanism. In an interface slip model, interfacial damping is attributed to the friction energy loss between matrix and the additional phase. 44) In this model, the overall damping capacity is proportional to the volume fraction of the additional phase. 44, 51) For the case of weak bonding at the interface, interfacial slip may occur when the magnitude of the shear stress at the interface is sufficient to overcome frictional loads. In the present composites, the formation of the Al 4 C 3 phase observed in Al/C 60 composites processed by squeeze casting, 10) and the Al 4 C 3 or Al-C-O phases observed in carbon inoculated AZ91 alloy [52] [53] [54] may not be possible. This is because the processing temperature for the present study was low. Therefore, low interfacial strength is inferred from the absence of an interfacial reaction for the present composites. Even though the strain amplitude of the test is low and the temperature is not high, interfacial slip is likely to occur at the interface between the matrix and fullerene phase. Materials with high strength and stiffness generally have low damping. 5) Conversely, a higher damping capacity can often be attained at the expense of stiffness, strength and ductility. Nevertheless, the present composites exhibited a high damping capacity without degrading the stiffness, strength and ductility. For the present composites, interfacial strength is assumed to be low, but the content of fullerene is also low. As a result, the elastic and tensile properties of AZ91/C 60 -1% and AZ91/C 60 -5% were comparable to those of AZ91/C 60 -0%.
It is known that the damping capacity of cast iron depends on the configuration of graphite. 49, 55) For example, the damping capacity of spray-deposited 6061Al/Graphite composite is lower than that of its extruded composite counterpart, despite having the same graphite content. 49) One of the differences between the two composites is the orientation of the graphite phase: the latter composite assumed a preferred orientation by the extrusion process. This result suggests a dependence of the damping capacity on the orientation of the dispersoids. The BE image and carbon dot map of the present composites clearly showed that the agglomerated fullerene powder was aligned to the extrusion direction. The alignment of fullerene powder may consequently enhance the damping capacity. This contribution possibly brings about a non-linear relation between the loss factor and fullerene content. On the basis of the above considerations, the operative damping mechanisms may be ascribed to the intrinsic damping of fullerene, the interface damping and possibly the alignment of fullerene powder parallel to the extrusion direction. Further research is needed to understand the actual origin of the high damping capacity, and, thus, to optimize the microstructure.
Summary
The fullerene-dispersed AZ91 magnesium alloy composites were synthesized by means of the extrusion of the mixture of AZ91 machined chips and fullerene powder. The microstructures and mechanical properties, including the elastic moduli, strength, elongation and damping capacity of the processed materials were investigated.
(1) The composites with 1 and 5 mass% fullerene were successfully produced by the extrusion. There were no voids or cracks in the extruded materials. The extruded materials had equiaxed matrix grains with the size of $ 5 mm, irrespective of the fullerene content. The fullerene powder was agglomerated, but this phase was dispersed uniformly aligned to the extrusion direction. (2) Both the elastic moduli and tensile properties of the 1 mass% fullerene-dispersed AZ91 composite were comparable to those of the AZ91 alloy counterpart. (3) Both the elastic moduli and tensile properties of the 5 mass% fullerene-dispersed AZ91 composite were slightly lower than those of the AZ91 alloy counterpart. (4) The damping capacity of the AZ91 alloy composite with only a 1 mass% fullerene addition was higher by $2:5 times compared with the AZ91 alloy counterpart. The dispersion of fullerene to magnesium alloy was verified as a means of efficiently increasing the damping capacity. The operative damping mechanisms may be ascribed to the intrinsic damping of fullerene, the interface damping and possibly the alignment of fullerene powder parallel to the extrusion direction.
